cmp, a nucleotide sequence element in the plasmid pT181 of Staphylococcus aureus, acts as an enhancer of DNA replication. When cmp is present on an unrelated vector along with the pT181 origin of replication, it increases the ability of the linked pT181 origin to compete with a coresident pT181 plasmid for the initiator protein RepC. cmp is contained within a 156-base-pair segment, and its deletion from pT181 reduces by twofold the frequency of plasmid replication under derepressed conditions. The enhancer sequence contains a locus of DNA bending, and enhancer activity decreases with distance from the replication origin.
Since the discovery of eucaryotic enhancers of transcription (for reviews, see references 38 and 39) , there has been a rapidly growing awareness that site-specific protein-DNA interactions are very often regulated by cis-acting regulatory sequences located at some distance from the primary target. In general, these cis interactions seem to facilitate the binding of the protein to its site of action on DNA, frequently involving one or more additional binding proteins. cis-acting regulatory sequences are often orientation independent. They can function at a variable distance from the target sequence, and their activity may be distance dependent. In procaryotic systems, cis-acting sequences that enhance transcription (1, 8, 35) and site-specific recombination (15, 16, 18) have been characterized in considerable detail, whereas there is little information on replication-specific enhancers. In procaryotes, a critical step in replication of most replicons is the binding of a replicon-specific protein, the initiator, to the replication origin; as this step is basic to any replication control system, one would expect it to be associated with a high degree of regulatory precision involving cis-as well as trans-acting regulatory elements. We have investigated the role of cis-acting regulatory elements in replication by using plasmid pT181 of Staphylococcus aureus.
pT181 is a small multicopy plasmid that replicates by the rolling-circle mechanism (7, 22, 36) by using a plasmidencoded trans-acting initiator protein, RepC (29) . RepC is rate limiting (24) , and its concentration determines pT181 replication frequency. Synthesis of the protein is regulated by plasmid-encoded inhibitory RNAs whose concentration controls the efficiency of translation (23) . pT181 also contains a cis-acting element called cmp that affects plasmid replication. cmp was first detected by its effect on the ability of two coresident plasmids having the same origin of replication to compete with one another for the initiator protein (6) . The cmp element is contained within a 500-base-pair (bp) segment located in a region of the plasmid not previously thought to be important for stable maintenance. While plasmids lacking this region have apparently normal copy numbers when maintained singly, they are profoundly disadvantaged when coresident with any homologous plasmid having the cmp region intact, suffering a marked reduction in copy number and stability. In this report, we demonstrate that cmp enhances replication through direct stimulation of origin function and that its activity is distance dependent.
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We suggest that the pT181 element is involved in fine-tuning the replication control system.
MATERIALS AND METHODS
Bacterial strains and plasmids. The S. aureus host strains used in this work were all derivatives of S. aureus NTCC 8325 (27) . The plasmids used in this study are listed in Table  1 . pT181 and pE194 are naturally occurring small multicopy plasmids from S. aureus (11, 12) belonging to different incompatibility groups and exhibiting no homology in their replication regions. pRN5101 is a mutant of pE194 temperature sensitive for replication (30) . pSA5000 is a derivative of pT181 in which the tetracycline resistance determinant has been replaced by the chloramphenicol resistance determinant of pC221 (14) . It has the same copy number and incompatibility properties as pT181. pSA0301 (pT181 cop-101 repCl) has two point mutations, one responsible for elevated copy number and the other for thermosensitivity of the RepC protein (12, 13) .
Plasmid constructions. The genetic map of pT181 and relevant restriction sites are shown in Fig. 1 pGUG106, a derivative of pT181 cop-623 that contains a tandem duplication of the HindlIl C fragment, was obtained by ligating a partial HindIII digest of pT181 cop-623 in the presence of excess purified HindIII C fragment.
General methods. Liquid and solid media for S. aureus, bacteriophage-mediated transduction and protoplast transformation were as previously described (2) . Preparation of S. aureus plasmid DNA was performed essentially as described in reference 32 . Restriction endonuclease digestions, agarose and acrylamide gel electrophoresis and molecular cloning were performed by using standard procedures as described by Maniatis et al. (25) .
Competition assay. S. aureus strains carrying two incompatible plasmids were obtained by introducing one plasmid into a strain carrying the second plasmid by phage-mediated transduction followed by selection for both resistance markers. Plasmid content was verified by screening of sheared whole-cell lysates. The pT181 Cmp phenotype, i.e., the competitiveness of pT181 plasmids with pE: :ori (or its derivatives), was assayed by growing cultures containing the two plasmids at 43°C (the nonpermissive temperature for pRN5101 replication) for three generations in the absence of selection. At the nonpermissive temperature, replication of both plasmids is RepC dependent, and their copy numbers reflect their respective ability to utilize RepC. Quantitative analysis of plasmid DNA from sheared whole-cell minilysates electrophoresed on 1% agarose gels was performed by fluorometric densitometry of ethidium bromide-stained gels (33) . Competitive ability of pT181 was expressed quantitatively as the ratio of the copy number of the pT181 test plasmid in the presence of pE::ori (or its derivatives) to its copy number when alone. This value, referred to as the Cmp ratio, was chosen because it uses a fixed source of reference (the copy number of the plasmid when maintained singly) outside the cell in which the activity (competition) is taking place. For Cmp+ plasmids, the Cmp ratio can be as high as 1; it decreases as the Cmp defect in pT181 becomes more severe. The Cmp phenotype of pT181 is independent of cop mutations thus far tested (6) . In the studies reported here, we made use of a copy mutant, pT181 cop-623 (2), because its high copy number (300 copies per cell) is advantageous for copy number determination by fluorometric densitometry.
To quantitate cmp activity in the derivatives of the cointegrate pET102, which carry cmp at various distances from the pT181 replication origin, we used strains containing each of the cointegrates and the cmp plasmid pRN8257. As described above, cultures were grown at the nonpermissive temperature for the pE194 moiety of the cointegrate, and plasmid copy numbers were determined from sheared whole-cell minilysates. The Cmp phenotype of each cointegrate was measured as the ratio of the copy number of pRN8257 in the presence of the test cointegrate to its copy number in the presence of the cmp pET102 cointegrate. Plasmid repopulation kinetics. The procedure used in this work is a modification of that used by Highlander and Novick (9) . Plasmids used in these studies were pSA0301 (cop-101 repCl), which is temperature sensitive for replication (Tsr), or its cmp deletion derivative pRN8057, and the satellite plasmids pGUG201-Bsm (cmp) or pGUG202-Bsm (cmp+), which require an external source of RepC protein for replication. Plasmid pSA7562 (described above), which carries the repCl mutant allele, was used as a source of temperature-sensitive RepC protein. Plasmid-containing cells were grown in nonselective liquid medium at the restrictive temperature for plasmid replication (43°C) for four generations. This reduced the plasmid content to approximately 2 copies per cell. The cultures were then diluted 1:3 in prewarmed broth and shifted to the permissive temperature (32°C). At various times, 1-ml aliquots were transferred to tubes containing tritiated thymidine (100 ,uCi/ml, final concentration) and were shaken vigorously for 6 min at 32°C. Incorporation was stopped by adding 10 mM cold thymidine and keeping the tubes on ice. The total incorporation was measured as acid-precipitable radioactivity. The plasmid-associated incorporation was measured by electrophoresis of whole-cell lysates in 1% agarose gels and excising the plasmid bands from ethidium-bromide stained gels. The agarose was melted and radioactivity was determined in 5 ml of Hydrofluor (National Diagnostics) in a Beckman LS-200B.
DNA bending. Measurements of DNA bending were performed as described by Wu and Crothers (40) with a 1.4-kilobase fragment from pGUG106 containing a tandem duplication of HindIII-C. RESULTS cmp increases the function of the replication origin independently of sequence context. To test the ability of cmp to function as an independent sequence element, we compared its activity in its native state with that in an unrelated sequence context, namely in that of the vector plasmid pRN5101. pRN5101 is temperature sensitive for replication; thus, derivatives containing the cloned pT181 origin, such as plasmid pGUG201, will use only this origin at the restrictive temperature (43°C) when RepC is present in the cell. We constructed a strain carrying pGUG201 and the test pT181 plasmid (pT181 cop-623), and we measured plasmid competitiveness at 43°C as described in Materials and Methods. Little change was observed in the copy number of pT181 cop-623 in the presence of pGUG201 (Fig. 2 , compare lane 5 with lane 1); the Cmp ratio was about 0.7. Thus, pT181 and pGUG201 compete almost equally for the available RepC. This initial balance between the coresident pT181 and pGUG201 plasmids provides a baseline for assaying the competitive effects of deleting cmp from pT181 or inserting it into pGUG201. Why the vector pRN5101, which lacks cmp, is equally competitive with the pT181 test plasmid is not known; pRN5101, might possess a cmp-like element or, alternatively, a structural property of this plasmid, such as DNA superhelicity, might render the cloned pT181 origin phenotypically Cmp+. Competition assays at 43°C showed that the initial balance between the coresident pT181 and pGUG201 plasmids was profoundly altered either by the deletion of the cmp element from pT181 or by the insertion of cmp into pGUG201. In both cases, the pT181 test plasmid was destabilized and its copy number was reduced. Only 5 to 10% of the cells retained pT181; the plasmid band on gels following electrophoresis was undetectable for cmp pT181 (lane 6) and barely detectable for cmp+ pT181 coresident with pGUG202 (a derivative of pGUG201 carrying both the replication origin and the cmp element of pT181) (lane 9). The Cmp ratios under these conditions were less than 0.01 and 0.02, respectively (Fig. 2, compare cmp increases plasmid repopulation rate. The inability of cmp mutants to compete with cmp+ plasmids indicated that cmp must be involved in replication, but steady-state replication is not detectably altered by cmp mutations in the absence of the competing plasmid (6). Since steady-state replication frequencies are far below that of which the plasmid is capable (9), we measured the frequency of plasmid replication in the absence of its normal regulatory circuit. In this analysis (9) , plasmid copy number is artificially reduced by shifting a plasmid which is temperature sensitive for replication to the nonpermissive temperature. As a consequence, the plasmid-encoded inhibitor (the product of the cop gene [23] ) is diluted. When cells are returned to the permissive temperature, the plasmid replicates exponentially for several plasmid doublings, and eventually steady-state replication is restored. The exponential replication rate following temperature shift-down was measured for pSA0301 (repCl cop-101) and its cmp deletion derivative pRN8057, both of which have the same steady-state copy number (40 copies per cell). During exponential repopulation, plasmid doubling time was 8 min for cmp+ and 19 min for cmp (Fig. 3, panel A) . Thus, cmp enhances replication frequency during repopulation by at least twofold.
To eliminate the possibility that cmp increases pT181 repopulation rate by modulating repC gene expression rather than by a direct effect on the plasmid origin of replication, we next asked whether cmp can stimulate replication of a plasmid that carries the cloned pT181 ori in the presence of an external source of RepC. The source of RepC used in these experiments was pSA7562. Plasmid pSA7562 (kindly given by S. Iordanescu) is compatible with both pT181 and pRN5101 and carries a repC gene having two mutations: repCl, which renders RepC protein temperature sensitive, and a 4-base substitution (embedded in the repC gene) that inactivates the pT181 replication origin without inactivating the repC gene product. The latter feature prevents pSA7562 from using RepC. respectively, for the pRN5101 replicon. The presence of a pT181 competing plasmid (compet. plasm.) is indicated as 0 (no plasmid), + (cmp+), or -(cmp). The first two lanes show the pT181 plasmids used in the study. Lanes: 1, pT181 cop-623 (cmp+); 2, pT181 cop-623 AHindIII-C (cmp); 3 and 4, pGUG201 by itself; 5, pGUG201 coresident with pT181 cmp+; 6, pGUG201 coresident with pTi81 cmp; 7 and 8, pGUG202 by itself; 9, pGUG202 coresident with pT181 cmp+; 10 and 11, pGUG203 by itself; 12, pGUG203 coresident with pT181 cmp+.
vector replication system, we inactivated the vector rep gene in plasmids pGUG201 and pGUG202, which carry the pT181 origin in the absence or in the presence of cmp, respectively. The resulting plasmids, pGUG201-Bsm and pGUG202-Bsm, were established and maintained in the presence of the plasmid pSA7562. With the latter plasmid, both satellite plasmids have the same steady-state copy number (60 copies per cell). Strains carrying the RepC donor plasmid pSA7562 and either of the satellite plasmids pGUG201-Bsm or pGUG202-Bsm were examined for plasmid doubling times as described above. Cultures were grown at the temperature restrictive for RepC activity to reduce the copy number of the RepC-dependent satellite plasmid. Following a shift to the permissive temperature, the satellite plasmid replicated exponentially for several plasmid doublings. During exponential repopulation, satellite plasmid doubling times were 24 min for pGUG201-Bsm (cmp) and 13 min for pGUG202-Bsm (cmp+) (Fig. 3, panel B) . Thus, with both autonomous (Fig. 3A) and satellite (Fig. 3B ) plasmids carrying pT181 origin of replication, cmp increases RepC-dependent replication frequency during repopulation by about twofold.
Since the satellite plasmids pGUG201-Bsm and pGUG202-Bsm use an external, constant source of RepC for their replication, these results rule out the possibility that cmp stimulates replication by modulating RepC synthesis.
Location of cmp affects its activity. We had previously shown that cmp is orientation independent (6). We next asked whether cmp activity is affected by distance from the origin. We cloned the cmp-containing pT181 Hindlll C fragment into pET102 (a 7.0-kilobase cointegrate between pRN5101 and a cmp deletion derivative of pT181) at several nonessential locations at various distances from the pT181 origin. We then assayed the Cmp phenotype of the cmp+ derivatives of pET102. When pET102 (55 copies per cell), which is Cmp-, is coestablished with another Cmp-plasmid such as pRN8257 (300 copies per cell), the two plasmids share the plasmid copy pool evenly and the copy number of pRN8257 decreases about twofold. This 50% decrease constitutes the base line for assaying the Cmp phenotype of cmp+ derivatives of pET102. The activity of cmp in each of these derivatives was measured by its ability to lower the copy number of the coresident pRN8257. The results shown in Fig. 4 indicate that, while cmp functions at all of the locations tested, its activity is reduced with increasing distance from the pT181 origin. This effect is orientation independent (not shown).
cmp is located within a 156-bp fragment and contains a locus of DNA bending. The cmp element was previously found to be located within the 560-bp HindIII C fragment of pT181 (map, Fig. 1 ). To narrow the sequences essential for cmp function, fragments of the HindIII C region were cloned into a derivative of pT181 deleted for the HindlIl C region, and the ability of the resulting plasmids to compete with pE: :ori was measured as described above. The cmp element is fully contained within the 156-bp region between the sites AluI-1137 and MalII-1293 (map, Fig. 1) (data not shown) .
Within this region, we found a locus of static bending (40) . We constructed a recombinant plasmid, pGUG106, which contained a tandem duplication of the cmp-containing HindIll C fragment. We then circularly permuted the ends of this sequence by separately digesting with HindIII, DdeI, Fnu4HI, RsaI, or MallIl (refer to map in Fig. 1 ) to generate fragments of identical length. The mobilities of the appropriate fragments during 5% polyacrylamide gel electrophoresis were measured and normalized with respect to the standard mobility of a 560-bp fragment of DNA (Fig. 5) . The fragment had the highest mobility when it was cut with RsaI, indicating that a locus of static bending maps at or near the site RsaI-1236.
DISCUSSION
On the basis of results presented above plus those of a previous study (6) , it is proposed that the cis-acting sequence element cmp is an enhancer of replication that acts at the initiation step by directly affecting the efficiency of initiator binding to the plasmid replication origin. These conclusions are discussed below.
(i) cmp directly stimulates the function of the replication origin (ori). Since cmp activity was observed with pGUG202 and its derivative pGUG202-Bsm, which carry only two short segments from pT181, cmp and ori, it is clear that no other pT181 component is required. In particular, the possibility that cmp acts by modulating RepC expression is ruled out.
(ii) cmp is a discrete sequence element located within a 156-bp-long region containing a locus of static DNA bending. cmp activity is independent of orientation and of sequence (iii) Since the pT181 replication origin is the site for both initiation and termination (7, 22, 36) , formally cmp could affect either step. However, cmp must act at initiation, because initiation is the step at which plasmids compete for the diffusible RepC, rather than at termination, when RepC is probably bound to the replicating intermediate (21) , similarly to the XX174 system (3).
(iv) cmp acts as an enhancer in pT181 replication. Although cmp is not essential for maintenance of the normal copy number when the plasmid is maintained singly, its elimination causes a twofold decrease in the frequency of exponential replication during plasmid repopulation.
There are several possible ways in which cmp could stimulate origin function. cmp could bind to a host factor (other loci of DNA bending are commonly associated with protein-binding sites [19, 37, 40, 41] ) and the resulting complex could make pT181 ori a better substrate for RepC activity. Such a complex could come into contact with the origin through DNA looping and help form or stabilize the ori-RePC complex. A similar mechanism has been proposed for procaryotic transcriptional activators (35) (20, 21) .
cmp differs from other cis-acting elements that affect replication initiation, such as the replication enhancer of M13 (17) , the crr element in the coliphage P4 (4), and the origin -y of the Escherichia coli plasmid R6K (26) . The M13 replication enhancer is actually a part of the origin required for full origin function (10) . The crr element of coliphage P4 is required for replication, and it is thought to interact with the replication protein since it contains sequences also present in the origin (4). In the E. coli plasmid R6K the origin y is the least frequently used of three origins, and it appears to act as an enhancer by strongly binding the initiator protein and delivering it to the weaker binding sites in the origins a and P via DNA looping (26) .
cmp activity may serve to fine-tune the control of replication. During steady-state exponential growth, the plasmid population doubles in synchrony with the cell population (i.e., with a doubling time of about 40 min). This doubling time represents about one-tenth the replication frequency of which the plasmid is capable when derepressed (9) . The observation that the plasmid can fully compensate for the replication deficit caused by the deletion of cmp illustrates how effectively this replication potential can be used to maintain normal copy number. It has been suggested that, unless the plasmid replication control system can respond rapidly to copy number fluctuations inherent in random replication, instability will result (28) . We suggest that the replication potential of the plasmid ensures that this self-correction mechanism is sufficiently rapid. If the replication control system can fully compensate for cmp defects, one may ask whether cmp actually performs any useful biological function. The finding that the effect of cmp on plasmid replication becomes apparent only during plasmid repopulation (i.e., under derepressed replication) or when the plasmid is challenged by a competing plasmid is consistent with the possibility that cmp is required for full expression of the plasmid replication potential. Although the deletion of cmp has not by itself been associated with instability, it markedly increases the slight instability of the repCl mutant plasmid used in this study (from 10% plasmidnegative cells after approximately 25 generations with cmp to 90% when cmp is deleted [unpublished observations]). It is expected that analysis of the mechanism of action of cmp will reveal one of the important ways in which cis-acting elements are used in the regulation of critical genetic functions.
